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Altered anionic GBM components in monoclonal antibody
against slit diaphragm injected proteinuric rats.
Background. We previously reported that monoclonal antibody
(mAb) 5-1-6 bound to renal filtration slits induces massive pro-
teinuria without causing ultrastructural changes in the glomerulus.
This study evaluated the underlying mechanisms of the increase in
glomerular permeability.
Methods. The distribution of endogenous albumin and IgG in
the glomerular basement membrane (GBM) was studied in in situ
drip-fixed glomeruli of Munich-Wistar rats by use of immunogold
immunocytochemistry in the presence and absence of mAb 5-1-6.
The density of foot process glycocalyx components was estimated
by labeling with Limax fluvus lectin- or Helix pomatia lectin-gold
complexes. Anionic sites in the GBM were examined by labeling
with cationic gold at pH 2.0 or 7.4. Carboxyl groups, which also
furnish an anionic charge to the GBM, were examined by specific
biotinylation and colloidal gold probe methods. In addition, the
infusion-staining of anionic sites was performed by use of ruthe-
nium red in both Munich-Wistar and Wistar rats.
Results. The urinary excretion of albumin and IgG was in-
creased markedly in the treated rats, indicating a non-selective
barrier defect. In the control rats, albumin and IgG molecules
were mainly located along the inner half of the GBM, and to a
lesser degree in the lamina rara externa. In the treated rats, the
albumin and IgG moieties were more equally distributed through-
out the width of the GBM. Newly appearing, small dense peaks at
the outer side of the GBM were evident, indicating a barrier
function of outer zone of the GBM and/or epithelial cell layer. No
intergroup differences in the density of lectin binding sites on foot
processes were seen. The reduction in the number of ruthenium
red-positive anionic sites and cationic gold (pH 2.0)-labeled
anionic sites in the lamina rara externa was significant in the
treated rats at day 3, indicating a possible alteration of charged
proteoglycan in the lamina rara externa. No such changes were
seen with cationic gold (pH 7.4)-labeled anionic sites in the GBM.
The density of labeled carboxyl groups was significantly reduced in
the treated rats relative to the controls.
Conclusions. These results show that the injection of mAb 5-1-6
induced a perturbation of the charge- and probably the size-
selective glomerular filtration barrier. The observed reduction in
the levels of various negatively charged substances resulted in
massive proteinuria, implying that alteration of target antigens
can affect the integrity of the GBM constituents maintaining the
normal barrier function.
Recently, the glomerular podocyte was demonstrated to
be involved in determining the selective permeability of the
glomerular capillary wall in vitro [1] and in vivo [2].
Furthermore, Drumond and Deen suggested that the slit
diaphragms of the glomerular capillaries were by far the
more size-restrictive region of the entire glomerular barrier
by using model system for the glomerular basement mem-
brane (GBM) [3]. However, the importance of these slit
diaphragm structures has been refused [reviewed in 4].
Therefore, we have attempted to re-evaluate the selective
permeability of the slit diaphragm in vivo. Antigens recog-
nized by the monoclonal antibody (mAb) 5-1-6 are closely
associated with the functioning of the slit diaphragms of
rats, with a single i.v. injection of mAb 5-1-6 causing
massive proteinuria [5], probably due to the removal of the
antigen from its original site [6]. These changes constitute
a nephrosis model that does not activate the complement
system or recruit inflammatory cells. In addition, no re-
markable ultrastructural changes in the glomerulus, except
for the partial retraction of the epithelial foot processes,
were evident [5, 6]. Thus, the analysis of the selective
permeability of the slit diaphragms may provide some
understanding of how macromolecules are shuffled
through these structures.
In this study, we examined the intra-GBM distribution of
endogenous proteins (albumin and IgG) [7] as parameters
of glomerular permeability. The densities of podocyte
surface glycocalyx components bound with lectins (Limax
fluvus lectin and Helix pomatia lectin), which are known to
be reduced in quantity in the experimental models of
nephrosis in rats [8, 9], and the density of glomerular
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anionic sites detected by a poly-L-lysine cationic colloidal
gold [10–12] and ruthenium red [13, 14] were also ob-
served. The in situ localization of carboxyl groups [15],
which may furnish the GBM with required anionic charges
for proper function [16], was evaluated as well.
METHODS
Animals
Twenty-five male Munich-Wistar rats weighing 180 to
200 g were purchased from Charles River Japan, Inc.
(Atsugi, Japan) and 10 male Wistar rats weighing 180 to
210 g were purchased from Nihonikagaku (Tokyo, Japan).
Induction of nephrosis
Twelve Munich-Wistar rats under ether narcosis were
intravenously injected with 20 mg of mAb 5-1-6 (prepared
from spent culture medium fractionated by salting out with
50% saturated ammonium sulfate [5]) in 0.5 ml PBS.
Subsequent surgical procedures were performed under
sodium pentobarbital (Nembutal, 50 mg/kg) anesthesia on
groups of rats, two hours (N 5 3), three days (N 5 5) and
20 days (N 5 4) after mAb injection. Five normal rats
served as controls. The 24-hour urinary albumin and IgG
excretion levels were determined for each animal prior to
sacrifice by using a single radial immunodiffusion method
[17] and an enzyme-linked immunosorbent assay, respec-
tively. In addition, for cationic tracer staining, ruthenium
red was infused through the renal arteries of both nephritic
and control rats described by Kanwar and Farquhar [13].
For this experiment the other male Munich-Wistar rats and
male Wistar rats were both used.
Tissue processing
In situ drip-fixation. Kidneys from Munich-Wistar rats
were fixed in situ by dripping paraformaldehyde onto the
organs prior to processing for immunogold immunocyto-
chemistry as described previously [7]. Briefly, the surface of
the ventral aspect of the left kidney was fixed in situ for 90
minutes by dripping 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4) onto the organ. The fixed cortical
tissues were then trimmed and cut into small cubes.
Biotinylation of carboxyl groups. Immediately after the in
situ drip-fixation described above, the right renal artery was
flushed with PBS and the cortical tissue cubes were im-
mersed in biotin hydrazide (Sigma Chemical, St Louis, MO,
USA) solution (1.3 mg/ml in 0.1 M 1-ethyl-3-dimethylamin-
opropylcarbodiimide; Sigma) for 60 minutes to biotinylate
the carboxyl groups [15]. After this reaction the tissue
samples were rinsed in PBS prior to fixation.
Fixation, embedding, and sectioning. Small pieces of cor-
tical tissue after in situ drip-fixation or biotinylation of
carboxyl groups were then fixed by immersion in 4%
paraformaldehyde for 120 minutes at 4°C. These specimens
were embedded in Lowicryl K4M (Lowi GmbH and Co.,
Waldkraiburg, Germany) at 230°C according to the man-
ufacturer’s protocol. Semi-thin sections (1 mm) were pre-
pared and were subsequently stained with 1% methylene
blue. From the blocks of the in situ drip-fixed tissue, the
superficial glomeruli located less than one tubule width
from the renal surface were selected by light microscopic
observation for subsequent mounting on nickel grids. Sim-
ilarly, from blocks of biotinylated carboxyl groups, the
glomeruli located less than one tubule width from the edges
of the renal tissues were chosen by light microscopic
observation as well. Ultrathin sections of the targeted
glomeruli were then cut and mounted on nickel grids for
electron microscopy.
Immunocytochemical and cytochemical procedures
Detection of endogenous albumin and IgG. The ultrathin
sections from drip-fixed tissues were treated as described
previously [7]. Briefly, ultrathin sections were incubated in
rabbit anti-rat albumin antiserum (Cappel, West Chester,
PA, USA) or rabbit anti-rat IgG antiserum (E-Y Labora-
tories, Inc., San Mateo, CA, USA), followed by goat
anti-rabbit IgG with 10-nm colloidal gold particles (Janssen
Life Science Products, Olen, Belgium). As a hiostological
control, the primary antibody was omitted or replaced by
normal rabbit serum.
Detection of glycocalyx components. The sections from
drip-fixed tissues were first placed on a drop of PBS for five
minutes and then transferred to a drop of Limax fluvus
lectin (LFL) with 20-nm colloidal gold particles (E-Y
Laboratories) that were diluted 1:10 in PBS (pH 7.4), or
Helix pomatia lectin (HPL) with 5-nm colloidal gold par-
ticles (E-Y Laboratories) that were diluted 1:2 in PBS.
After 30 minutes at room temperature, the grids were then
rinsed with PBS and distilled water.
Cationic gold staining. pH-dependent cationic gold stain-
ing was performed on sections from drip-fixed tissues.
These samples were rinsed in PBS (pH 2.0 or 7.4) contain-
ing 0.1% bovine serum albumin (BSA) for 10 minutes
before being incubated on a drop of cationic (poly-L-lysine)
colloidal gold (10 nm; Biocell Research Laboratories,
Cardiff, UK) that was diluted 1:100 in PBS at pH 2.0 or 7.4.
After 30 minutes the sections were washed in distilled
water.
Detection of biotinylated carboxyl groups. Tissue sections
from biotinylated samples were placed on a drop of 0.02 M
Tris-HCl buffer (pH 7.0) containing 0.1% BSA for 10
minutes prior to being transferred to a drop of goat
anti-biotin antiserum (Sigma) that was diluted 1:100 in
Tris-HCl. After rinsing in Tris-HCl, the sections were
placed in a drop of rabbit anti-goat IgG with 5-nm colloidal
gold particles (E-Y Laboratories; diluted 1:10 in Tris-HCl)
for one hour. The sections were then rinsed with Tris-HCl
and distilled water. For histological controls, primary anti-
body was omitted or replaced by normal goat serum.
All tissue sections described above were then stained
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with uranyl acetate for 10 minutes and observed under a
JEM-200CX electron microscopy (JEOL, Tokyo, Japan).
Ruthenium red staining. The left kidneys of rats from
the day 3 experimental group (Munich-Wistar; N 5 4 and
Wistar; N 5 5) and the control group (Munich-Wistar; N 5
4 and Wistar; N 5 5) were initially perfused with 0.15 M
NaCl to wash out any remaining blood. Subsequentlly, 25
ml of 0.2% ruthenium red (Sigma)/Karnovsky’s aldehyde
Fig. 1. Immunoelectron micrographs for endogenous albumin, indicated by gold particles in the GBM sections after in situ drip-fixation in normal rats
(A) and rats after two hours (B), three days (C) and 20 days (D) of mAb 5-1-6 administration. Histograms for the percent distribution of endogenous
albumin in the GBM in each group are also shown. Abbreviations are: Distance End-Gold particle, the distance between a gold particle and the
abluminal side of the dendothelial cell; End-Epi, the thickness of the GBM at the same site. The bar is 0.5 mm; Significance was calculated using a
one-way ANOVA followed by a Scheffe test (*P , 0.05 vs. control and **P , 0.01 vs. control).
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fixative (1% formaldehyde and 3% glutaraldehyde in 0.1
M cacodylate buffer, pH 7.4, with 4.4 mM CaCl2) was
perfused at a constant rate of 5 ml/min by a modification
of the procedure of Kanwar and Farquhar [13]. The
renal cortex was excised, fixed for an additional two
hours in the same mixture, rinsed with cacodylate buffer
containing 0.1% ruthenium red, and postfixed in 1%
OsO4 containing 0.05% ruthenium red. Finally, sections
Fig. 2. Immunoelectron micrographs for endogenous IgG, indicated by gold particles in the GBM sections after in situ drip-fixation in normal rats
(A) and rats after two hours (B), three days (C) and 20 days (D) of mAb 5-1-6 administration. Histograms for the percent distribution of endogenous
IgG in the GBM in each group are also shown. Abbreviations are: Distance End-Gold particle, the distance between a gold particle and the abluminal
side of the dendothelial cell; End-Epi, the thickness of the GBM at the same site. The bar is 0.5 mm. Significance was calculated using a one-way
ANOVA followed by a Scheffe test (*P , 0.05 vs. control and **P , 0.01 vs. control).
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were processed by routine procedures for electron mi-
croscopic observation.
Morphometric analysis
For immuno-, lectin-, cationic gold-labeling procedures,
and ruthenium red staining, a minimum of 10 electron
micrographs of the GBM were taken for each procedure in
two or more glomeruli per rat. The photographs were
printed at a final magnification of 60,000 for smaller size of
particles (5 nm for the HPL and 5 nm for the carboxyl
groups) or 340,000 for larger size of particles (10 nm for
albumin, 10 nm for IgG, 20 nm for LFL and ruthenium
red). Morphometry was performed by using a computer-
ized image analyzer (Videoplan, Carl Zeiss Inc., Germany)
on areas that described a plane perpendicular to the GBM;
tangential sections were excluded.
The localization of gold particles targeting albumin, IgG,
and anionic binding sites in the GBM was expressed as A/B,
where A stands for the distance between a gold particle and
the abluminal side of the endothelial cell, and B for the
thickness of the GBM at the same site. The GBM was
arbitrarily divided into 20 layers depending on the ratio
values (0 to 1.0), and the percent distribution of particles in
each layer was shown in a histogram.
For LFL-gold binding sites, the intensity of labeling,
expressed as the number of gold particles per mm length of
plasma membrane, was estimated at the free surface of the
foot process. For HPL-gold binding sites, the number of
gold particles as single particles and clusters that directly or
indirectly extended from the foot process base to the GBM
per mm GBM length was counted. For ruthenium red and
cationic gold at pH 2.0, the number of ruthenium red-
positive particles or gold particles in LRE per mm GBM
length, respectively, was counted. For cationic gold at pH
7.4 and carboxyl groups, the number of gold particles was
counted in the GBM per mm GBM length.
Statistical analysis
Data are expressed as the mean 6 SD. Differences
between data sets were determined by performing one-way
analysis of variance followed by a Scheffe test or an
unpaired Student’s t-test. A level of P , 0.05 was accepted
as statistically significant.
RESULTS
Urinary excretion of albumin and IgG
The mean urinary excretion level of albumin in control
rats was 0.41 6 0.08 mg/day. Rats three days and 20 days
after mAb 5-1-6 injection exhibited a highly significant
increase in urinary albumin levels; 169.37 6 52.62 mg/day
for the three-day group (P , 0.0001) and 1.86 6 0.26
mg/day for the 20-day group (P , 0.001). Significant
elevations were also seen for the urinary IgG levels: 0.16 6
Fig. 3. Electron micrographs for Limax fluvus lectin (LFL)-bound gold
recognizing sialic acid residues (A and B) and for Helix pomatia lectin
(HPL)-bound gold recognizing N-acetyl-D-galactosamine (C and D) on
the podocyte foot process in normal rats (A and C) and rats after three
days of mAb 5-1-6 administration (B and D). Bars are 0.5 mm.











Control (N 5 5) 20.09 6 2.66 27.28 6 7.18
mAb 2 hr (N 5 3) 21.17 6 2.52 29.20 6 7.45 NS
mAb 3 days (N 5 5) 19.85 6 2.97 25.96 6 9.43 NS
mAb 20 days (N 5 4) 20.39 6 3.55 25.65 6 2.27 NS
Abbreviations are: NS, not significant; LFL, Limax fluvus lectin; HPL,
Helix pomatia lectin; FP, foot process; mAb, monoclonal antibody.
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0.02 mg/day for control rats versus 24.94 6 13.40 mg/day in
the three-day group (P , 0.001) and 0.51 6 0.30 mg/day in
the 20-day group (P , 0.05).
Intra-GBM distribution of endogenous albumin and IgG
As reported previously in normal rats [7], a density
gradient of gold-labeled albumin was found to be most
concentrated in the lamina densa (LD), with a decrease
seen toward the distal zone of the GBM (Fig. 1A). Labeling
was sparse in the lamina rara externa (LRE) and the
sub-slit membrane region, with only minimal labeling ob-
served in the lamina rara interna (Fig. 1A). A density
gradient of gold-labeled IgG in normal rats was found to
begin at the inner half of the GBM to decrease toward the
epithelial side of the GBM (Fig. 2A). Similar to the
albumin labeling, IgG labeling was also sparse in the LRE
and sub-slit membrane regions (Fig. 2A). At two hours and
three days post-mAb injection, the density gradients for
albumin and IgG became less pronounced with both pro-
teins becoming more equally distributed throughout the
width of the GBM (Fig. 1 B, C, and Fig. 2 B, C). By day 20,
the density gradient of both proteins was reformed; how-
ever, the labeling in the outer side of the GBM was still
more dense than that of control rats (Figs. 1D and 2D).
These qualitative observations were confirmed by semi-
quantitative analysis of the distribution of these proteins in
the GBM (Figs. 1 and 2, histograms). The histogram
analyses also showed newly appearing small peaks for both
proteins in the outer side of the GBM at all time points
(Figs. 1 and 2).
Density of Limax fluvus lectin and Helix pomatia lectin
binding molecules
Limax fluvus lectin (LFL) binding sites were present
over the surface of podocytes and the capillary endothe-
lial cells, while the labeling in the GBM was sparse in the
control as well as the experimental animals (Fig. 3 A, B).
There was no significant intergroup difference in the
density of the LFL-gold labeling on the foot process
surface membranes facing Bowman’s space (Table 1).
The gold particles for HPL were preferentially associ-
ated with the plasma membrane of podocyte-anchoring
GBM, and extended to the LRE and LD in both groups
Fig. 4. Electron micrographs for cationic gold labeling at pH 2.0 (A and B) and at pH 7.4 (C and D) in the glomerular capillary walls of control rats
(A and C) and rats after three days of mAb 5-1-6 administration (B and D). Bar is 0.5 mm.
Table 2. Glomerular anionic sites in the LRE detected by cationic gold
(pH 2.0) in normal and mAb-treated rats
Groups N
No. of gold particles
in LRE/mm GBM
Control 5 22.13 6 2.62
mAb 2 hr 3 22.39 6 2.47
mAb 3 days 5 17.72 6 1.38a
mAb 20 days 4 21.97 6 2.57
LRE is lamina rara externa. All other abbreviations are in Table 1.
a P , 0.05 vs. control, mAb 2 hr, and mAb 20 days.
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(Fig. 3 C, D). There was no significant difference in the
density of the HPL-gold labeling on the base of foot
process (Table 1).
Density and distribution of anionic sites detected by
cationic gold
At pH 2.0, the gold labeling pattern in the GBM of
control rats was relatively restricted to the LRE and the
surface of the glomerular epithelial cells (Fig. 4A). At pH
7.4, however, the main concentration of gold labeling was
found along the outer side of the GBM, but labeling was
also detected within the entire GBM (Fig. 4C). Results of
morphometry showed that the density of gold labeling at
pH 2.0 in the LRE at day 3 was significantly reduced
relative to control rats (Fig. 4B and Table 2). The labeling
pattern and density of pH 7.4 cationic gold in the GBM of
the mAb-treated rats (Fig. 4D) almost equalled that in
control rats (Fig. 4C) at any given time (Fig. 5).
Density of carboxyl groups in the GBM
In the control rats, gold labeling was found throughout
the width of the GBM as well as on and in the epithelial
cells. Within the GBM gold particles were not evenly
distributed; they were focally distributed with clusters of
gold particles (Fig. 6A), as originally reported by Bertolatus
[15]. The number of carboxyl groups in the GBM in the
mAb-treated rats was significantly reduced as early as two
hours after mAb injection, reaching a nadir on day 3, and
tending return to initial levels on day 20 (Fig. 6B and Table
3). The histological control showed a marked reduction in
number of gold particles (Fig. 6C).
Density of anionic sites labeled by ruthenium red
The number of particles of ruthenium red in the LRE
was significantly decreased in both mAb-treated Wistar rats
and Munich-Wistar rats on day 3 (Fig. 7 B, D) compared
with corresponding control rats (Fig. 7 A, C), respectively
(15.9 6 1.37 vs. 18.69 6 1.27, P , 0.05 and 16.02 6 0.98 vs.
19.23 6 0.85, P , 0.01).
DISCUSSION
In agreement with our previous report [7] the present
results on the intra-GBM distribution of endogenous albu-
min and IgG indicate that the functional glomerular filtra-
tion barrier for these proteins does not seem to reside in
one particular zone of the GBM. Based on our intra-GBM
distribution data, the filtration slit may not be the main
filtration barrier for these proteins under normal condi-
tions. However, mAb 5-1-6, which recognizes filtration slit
molecules, induces proteinuria without inflammation in
rats [5, 6]. It may be deduced that the antibody injection
induced an initial alteration of the slit diaphragm structure.
A size and charge barrier defect then resulted in associa-
tion with a reduction in levels of anionic charge.
Fig. 5. The percent distribution of cationic
gold at pH 7.4 in the GBM sections of control
rats (A) and rats after two hours (B), three
days (C) and 20 days (D) of mAb 5-1-6
administration. The values in parentheses
indicate the number of gold particles in the
GBM per mm GBM length. Distance End-Gold
particle is the distance between a gold particle
and the abluminal side of the dendothelial cell.
End-Epi is the thickness of the GBM at the
same site.
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Recent evidence shows that the glomerular epithelial
cells maintain the barrier function for albumin in vivo [2].
Based on previous morphometric results showing that the
slit diaphragm is composed of meshworks whose pore size
is approximately that of GBM calculated by Pappenheimer
[18], Karnovsky and Ainsworth [19] have cited the impor-
tance of the slit diaphragm as the principal filtration
barrier. Although this concept has been opposed by other
investigators [reviewed in 4], Drumond and Deen recently
supported this concept with the use of a model system for
the GBM [3], showing the slit diaphragm was by far the
more size-restrictive part of the overall glomerular filtra-
tion barrier. In favor of this hypothesis, Blanz et al reported
that, by using micropuncture techniques after the mAb
5-1-6 injection, important limiting glomerular barriers for
hydraulic conductivity and protein excretion reside on the
epithelial aspect of the GBM at the level of the slit
diaphragm [20]. However, a histochemical examination of
the alterations of the charged GBM constituents was not
performed by these authors.
The present study showed that the concentration gradi-
ents of endogenous albumin and IgG noted at the inner
(central) zone of the GBM became less prominent in rats
treated with mAb 5-1-6 (Figs. 1 and 2). In addition, we also
found small secondary densities for both proteins at the
outer side of the GBM (Figs. 1 and 2). In the control rats,
the barrier function at the slits may not have been clearly
demonstrated because of effective filtration at the central
and/or outer zone of GBM. The attenuation of the central
and/or outer barrier due to mAb 5-1-6 binding increased
the transfer of macromolecules to the outer GBM, suggest-
ing that the barrier function of the slit membrane may have
been partially impaired. Together with the non-selective
proteinuria, these findings indicate that the defect in bar-
rier function for both albumin and IgG retention occurs in
the GBM.
A loss of glycocalyx components with or without charged
residues has been reported in aminonucleoside nephrosis
[8, 9, 21, 22]. Our study raises the possibility that alterations
in the epithelial antigen recognized by mAb 5-1-6 can also
affect the integrity of the podocyte surface. Therefore, we
examined the glycocalyx components on the podocyte cell
surface by use of two different lectins, LFL and HPL. LFL
can bind with charged sialic acid residues distributing along
the entire plasma membrane of podocyte and endothelial
cells as well as along the entire width of the GBM [8]. HPL
can bind with terminal nonreducing N-acetyl-D-galac-
tosamine residues distributed on the podocyte basal mem-
brane and are not found on the free surface of podocytes or
on any other glomerular components [9]. In contrast to
aminonucleoside nephrosis [8, 9], the density of these
lectin-binding sites was not reduced in rats treated with
Fig. 6. Electron micrograph of carboxyl groups in a GBM section
detected by biotinylation and colloidal gold binding in control rats (A),
and rats after three days of mAb administration (B). (C) GBM section
from a normal rat as a histochemical control in which the primary antibody
was replaced with normal goat serum. Bar is 0.5 mm.
Table 3. Density of carboxyl groups in the GBM detected by
biotinylation and colloidal gold labeling
Groups N









Control 5 149.73 6 34.63 4.25 6 2.06
mAb 2 hr 3 89.19 6 21.43a 1.97 6 1.40
mAb 3 days 5 69.62 6 20.31b,c 3.48 6 1.46
mAb 20 days 4 134.19 6 28.01 3.30 6 1.63
a P , 0.05 vs. control
b P , 0.01 vs. control
c P , 0.01 vs. mAb 20 days
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mAb 5-1-6. This indicates an apparently intact glycosyl
matrix on the podocytes.
Conversely, the number of anionic sites in the LRE that
were stained by ruthenium red and labeled by cationic gold
at pH 2.0 were significantly reduced in the rats with mAb
5-1-6-induced proteinura on day 3 versus the controls. The
number of anionic sites labeled by cationic gold at pH 7.4
did not change in the mAb 5-1-6-treated rats. Goode et al
reported that cationic gold stains diverse anionic moieties
depending on the pH and the electrolyte concentrations of
the staining solutions [10, 11]. At pH 3.0 through 10.0,
cationic colloidal gold labels the anionic sites expressed by
carboxyl, sulfate, and phosphate groups of weakly acidic
glycoconjugates. At pH 2.0, cationic colloidal gold reflects
the anionic charges expressed by moieties that are localized
at the LRE as well as along the glycocalix of epithelial and
endothelial cells. Ruthenium red is believed to bind specif-
ically to heparan sulfate proteoglycan [23]. However, evi-
dence has emerged that this dye binds not only with
sulfated proteoglycans including chondroitin sulfate pro-
teoglycans [24] but also with other anionic moieties [25].
Bertolatus and Hunsicker reported that carboxyl groups
on the GBM components are more important than heparan
sulfate in the binding of the polycation hexadimethrine to
isolated GBM [16]. These authors also showed that in vivo
binding of hexadimethrine to the carboxyl groups of the
GBM also resulted in a filtration defect, indicating the need
to re-evaluate the concept that heparan sulfate alone
maintains the charge selectivity of the glomerular wall.
Bertolatus established a method of visualizing carboxyl
groups in the glomerular capillary wall by using specific
biotinylation and colloidal gold probes [15]. He described
that focal concentration of laminin [26] or other sialogly-
coconjugates bearing carboxyl groups would explain the
reason for cluster of gold particles under normal condition
[15]. There was a significant reduction in the number of
carboxyl groups by this method in mAb 5-1-6-induced
nephrosis than in normal controls. The reason for the
different results between this method and cationic gold
labeling at pH 7.4 remains obscure, but it may be due in
part to the difference in sensitivity of the probes or to
differences in the molecules detected. Cationic gold at pH
7.4 labels carboxyl groups as well as sulfate and phosphate
groups, which also contribute to the overall anionic charge
[27]. Our observations demonstrate that in this experimen-
tal model, alterations of GBM components are associated
with a reduction in anionic charge, and thus, an increase in
proteinuria. Altered IgG distribution in the GBM and its
increased urinary excretion suggest that a size-selective
defect may have a role in this proteinuria as well.
As mentioned above, the slit diaphragm itself may have
a partial barrier function for macromolecules, but as shown
by our study on charge distribution, the mAb 5-1-6-induced
reduction in anionic components of the GBM likely con-
tributes to the increase in glomerular permeability, thereby
increasing urinary albumin and IgG levels. In a separate
mAb 5-1-6 study, we reported that filtration slits are in
structural continuity with the apical plasma membrane of
the foot process [6]. We have also reported that the
injection of mAb 5-1-6 induces partial foot process retrac-
tion [5], which may reflect structural alterations in the
epithelial cells. One may speculate that the antigen recog-
nized by mAb 5-1-6 could preserve the integrity of GBM
Fig. 7. Electron micrographs for ruthenium red-positive particles in a GBM section from control rats (A, Wistar rat and C, Munich-Wistar rat) and
rats after three days of mAb administration (B, Wistar rat and D, Munich-Wistar rat). Bar is 0.5 mm.
Fujigaki et al: Proteinuria and slit diaphragm-related Ag 1499
constituents by regulating the turnover of the GBM com-
ponents derived from the epithelium, which probably is
mediated by receptors implicated in multiple signal trans-
ductions. If this is correct, the functional defect of a single
epithelial molecule can influence the integrity of both the
GBM and the epithelial cells that, in concert, constitute the
renal selective filtration barrier in vivo. However, the
possibility cannot be excluded that the binding of mAb
5-1-6 with the slit diaphragm directly induces abnormalities
on molecular level in the slit-pore that are not discerned by
conventional electron microscopy, thereby causing protein-
uria.
In conclusion, the injection of mAb 5-1-6 produced a
defect in renal selective permeability as shown by the
altered distributions of endogenous plasma proteins la-
beled with colloidal gold. The number of anionic sites
expressed by heparan sulfate as well as carboxyl groups was
decreased in the treated rats. Thus, the alteration of
epithelial cells including an increased permeability of the
slit diaphragm and the GBM may have caused the marked
proteinuria.
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Abbreviations used in this article are: A/B, ratio of the distance between
a gold particlal and the abluminal side of the endothelial cell/thickness of
the GBM at the same site; BSA, bovine serum albumin; FP, foot process;
GBM, glomerular basement membrane; HPL, Helix pomatia lectin; IgG,
immunoglobulin G; LD, lamina densa; LFL, Limax fluvus lectin; LRE,
lamina rara externa; mAb, monoclonal antibody; PBS, phosphate buffered
saline.
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